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Abstract
We consider the non-equilibrium, time-dependent elastic-scattering structure factor S(q,t), for the disordering of an ordered
overlayer, initially in equilibrium at temperature T and characterized by the structure factor S(q,0)=X(q,TO, upon a sudden increase
in temperature TI-TF at constant coverage, such that the adsorbates equilibrate at TF in a disordered phase. The initial decay of a
peak in (qTo proceeds exponentially in time, exp (-t/rq), where tq is a wavevector-dependent lifetime, before it crosses over to a
power-law, t-' decay. When (q,To is peaked at the boundaries of the Brillouin zone (BZ), the peak approximately maintains its
shape in q-space as it decays exponentially. Except near the center of the BZ, after the peak has decayed sufficiently, the dependence
of S(q,t) on q is as though the spins quasi-equilibrate to the equilibrium structure factor associated with T, Y(q,TF), in that the ratio
S(q,t)/y(q,TF) is independent of q, but is dependent on time, approaching unity as 1 for large t. For systems exhibiting an initial
peak for q>0, the peak decays exponentially but does not preserve its shape, since tq strongly depends on q diverging as q 2 for
q-0. For these systems too, away from the center of the BZ, S(q,t)/y(q,TF) rapidly evolves to a slowly decaying function of t/t,,
independent of q. In this case, however, the characteristic time scale, t is anomalously long, proportional to 82, where is the
correlation length associated with the initial state. This behavior of t,, can be related to the random walk of domain boundaries.
Keywords: Low energy electron diffraction (LEED); Models of non-equilibrium phenomena; Models of surface kinetics; Non-
equilibrium thermodynamics and statistical mechanics; Surface diffusion
In this Letter, we consider the non-equilibrium,
time-dependent elastic-scattering structure factor
S(q,t) for the disordering of adsorbed monolayers
upon a sudden increase in temperature at constant
coverage such that the adsorbates equilibrate at
the new temperature in a disordered phase. The
structure factor S(q,t), defined in Eq. (1), is related
to the intensity I(q,t) of the diffracted beam from
an ordered overlayer, measured in real time t,
by I(q,t)=S(q,t)+(27t) 2 6(q) where q is the usual
wavevector transfer for elastic scattering, 0 is the
* Corresponding author. e-mail: luscombeophysics.nps.navy.mil
adsorbate coverage, and (x) is the Dirac delta
function. The quantity S(q,t) is therefore a basic
experimental probe of strongly non-equilibrium
systems and can be used to monitor the evolution
of the structure of a system that has been abruptly
driven from equilibrium [1-3]. Heretofore, S(q,t)
has primarily been used to investigate the growth
of domains following a quench to lower temper-
atures [4]. Far less attention has been given to
the disordering of systems upon a sudden temper-
ature increase, and we are aware of only a few
measurements of S(q,t) for disordering [5-7]. Yet,
as we will show, it is possible to make predictions
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for the behavior of S(q,t) following an abrupt
temperature increase into the disordered phase
using a simplified lattice model of surface diffusion,
and hopefully the present work will stimulate
experimental efforts to test these predictions. The
dynamical model that we present for the disorder-
ing process is applicable to a wide class of adsorbed
systems; basically the only requirement is that the
phase diagram be derivable in principle from a
theory based on lattice-gas occupation variables.
A representative example of the type of experimen-
tal system that our model pertains to would be the
disordering of 0 on W(110), starting from one of
its ordered phases following a sudden increase in
temperature, where, for the given coverage 0, the
final temperature is in the disordered phase. In the
following, we first present our conclusions for the
expected behavior of S(q,t) for two-dimensional
disordering. We then briefly discuss our model of
S(q,t) that leads to those conclusions.
We consider an ordered overlayer of coverage 0,
initially in equilibrium at temperature T < TD(O),
where TD(0) is a disordering temperature, above
which, for a given value of 0, the system is in a
disordered phase. The equilibrium elastic-scatter-
ing structure factor for the initial system is denoted
by Z(q,To. The temperature is then suddenly raised
to a value TF> TD(0), and we seek the non-equilib-
rium structure factor S(q,t) as it evolves in time
from its initial equilibrium value S(q,O)=(q,T 1) to
that for TF, S(q,t= oc)=(q,TF). The quantity S(q,t)
is related to the Fourier transform of the two-
particle non-equilibrium correlation function
F(R,t),
S(q,t)= Y exp
,,
where
be (R.,,) be (R,, +R) )
Here the sums run over all N positions of the
planar lattice formed by the adsorption sites
of the substrate, q is restricted to the Brillouin
zone (BZ) associated with the lattice,
6C (R,) _C (R.) -0, where c (R.) =0,1
is an occupation variable for lattice site R,,
0 -_ N E (c (Rn) ), is the coverage, and the
subscript t on the angular brackets denotes a non-
equilibrium ensemble average. In the dynamical
model we consider, discussed below, the coverage
0 is conserved in time. For later use, we note that
S(q,t) satisfies an important sum rule, that S(q,t)
integrated over the BZ is independent of time.
There are two quantities of central importance
in the following. The first is the "jump rate," to be
denoted by , which is the probability per unit
time that an adatom makes a transition to occupy
a vacant nearest-neighbor adsorption site, and can
be taken as an adjustable parameter of the model.
We have made the simplest assumption that the
jump rate is isotropic, i.e. there is equal probability
of an adatom moving to any of its nearest-neighbor
lattice sites. The second quantity of interest is the
structure function of the lattice of adsorption sites
(3)
where the {fb} are a set of basis vectors connect-
ing a given lattice site with its z nearest neigh-
bors. For the square lattice, for example,
,(q)=4[sin 2 (q.a/2)+sin 2 (qya/2)], where a is the
lattice constant. A key point here is that for any
planar lattice with inversion symmetry, (q) van-
ishes as ;,(q).-otDq 2 as q-*O, where D is the
diffusion coefficient for the system at temperature
TF. (For the square lattice, for example, D= a2 .)
The vanishing of (q) for small q is a direct
consequence of the dynamics that conserves the
number of adsorbed atoms, and, as we shall see,
gives rise to a number of dramatic effects in the
overall behavior of S(q,t). The fact that (q) van-
ishes isotropically in q is a result of our assumption
of isotropic jump rates. We now discuss the
expected behavior of S(q,t) for disordering.
In its initial stage following the sudden temper-
ature increase, the decay of a peak in (q,T),
superposed upon a slowly varying background,
proceeds exponentially in time, exp (- t/tr), where
rq-(2a/2(q))- 1 is a wavevector-dependent lifetime.
T Rt N-1 7"
"I
,'t(q)=_ 7, I-exp(iq-60
k=1 I I I
(iq, RI, ) F(R,,,t),
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-Note that rq diverges as q' as q-*O, whereas it is
ofV order TC near the boundaries of the BZ. It
-turns out that the duration of this exponential
regime is longer the lower the initial temperature,
1 . For systems where (q,TI) is peaked at the
- boundaries of the BZ, we can show that the peak
will approximately maintain its shape in q-space
as it decays, until the time dependence crosses over
to a power-law decay, discussed below. This
approximate shape preservation during the regime
of exponential decay is due to the lifetime cq being
essentially independent of q in the immediate vicin-
ity of the BZ boundary. We note that evidence for
exponential decay of the peak with approximate
shape preservation has been observed in experi-
ment [5-7].
For systems exhibiting an initial peak near q 0,
however, although the peak decays exponentially
in time, with a lifetime diverging as q2, the shape
of the peak is not preserved in the course of the
decay. This is because of the strong dependence
of q on q for small q.
The behavior of S(q,t) for t>tq, which is first
achieved for wavevectors near the BZ boundary,
can be described in terms of "quasi-equilibration",
in the sense that S(q,t)/x(q,TF)F(t), that is, inde-
pendent of q, where F(t) very slowly approaches
unity for long times, with a power-law correction
term of order -t (more generally f d2, where d
is the dimensionality of the lattice.) In Fig. 1 we
show schematically this quasi-equilibration feature
of the evolution of S(q,t) for the case where
y(q,TI) is peaked at the boundary of the BZ. As
time progresses, the range of wavevectors exhibit-
ing quasi-equilibrated behavior gradually spreads
in toward the interior of the BZ from the boundary.
In the vicinity of the center of the BZ, it is probably
impractical to achieve the condition t> ,c in the
course of an experiment. For these wavevectors,
the behavior of S(q,t) over long periods of time is
as though the system is "frozen" at its initial
temperature, with the result that S(q,t)x/(q,T).
This behavior persists for times on order of q-2 .
Although away from the center of the BZ, the
system rapidly quasi-equilibrates as described
above (within times of order od), the very slow
decay of F(t) towards unity for long times, as well
as the "frozen" behavior for q 0, have a common
5
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Fig. 1. Expected behavior of the non-equilibrium structure
factor S(q,t) for the disordering of an adsorbed monolayer
following a sudden temperature increase to a disordered phase
for a system where S(q,O)=X(q,T) is peaked at the boundary of
the Brillouin zone (BZ). Shown is the expected variation of
S(q,t) along the (11) direction in the BZ for a square lattice as
a function of q/&qax, for times listed in the legend, given in units
of the diffusion time a'. The peak at the BZ boundary initially
decays exponentially in time while approximately preserving its
shape. For later times, there is quasi-equilibration behavior,
S(q,t)/x(q,TF)yF(t), which proceeds towards the interior of the
BZ as time progresses. The function F(t) decreases towards
unity from above with a correction term of order t '. Near the
center of the BZ, the initial value of the structure factor is pre-
served until extremely late times.
source. The vanishing of A(q) for small q, combined
with the requirement of the sum rule, creates a
"bottleneck", freezing the dynamics for small q and
delaying the attainment of (q,TF) until extremely
late times.
We note that when the initial peak is near the
BZ boundary and T is sufficiently small, the beha-
vior of S(q,t) near the peak continues to be domi-
nated by exponential decay long after the quasi-
equilibrated behavior S(q,t)/x(q,TF)F(t) has set
in for wavevectors within the interior of the BZ.
When the initial system is characterized by a
strong peak for q O, as before, away from the
center of the BZ, S(q,t)/x(q,TF)>F(f/tt), except that
in this case there is a characteristic time, t,,, before
the quasi-equilibrated regime sets in. The time t,,
becomes extremely long for low initial temper-
atures, and in this regime is proportional to
a-l(l/a) 2 , where is the correlation length associ-
ated with the initial state, and where the dimension-
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less constant of proportionality depends on the
lattice structure. The physical origin of this
slow evolution can be explained as follows.
Randomization by diffusion of an initial domain
of characteristic size can proceed only at the
domain boundaries, and not from the interior of
the domain, even when the temperature is suddenly
raised to high values. This is a purely dynamical
effect that can be related to the random walk of
domain boundaries, as is explained in Ref. [8].
There is therefore a kind of metastability against
diffusive decay for long-range initial ordered struc-
tures, with a corresponding slow evolution in S(q,t)
for q0.
We now sketch the major features of our model
for the evolution of S(q,t). We adopt as a dynamical
model of disordering a nearest-neighbor jump-
diffusion model [9]. In this model, the probability
of an adsorption site being occupied evolves
according to
d (c (R,) (4)
i=1
( c (R.,) )- (c (R,,+) ) ) .
The basic physics of this model is that the adatoms
are assumed to "jump" to neighboring sites at an
average rate a, but only if such sites are vacant,
i.e. double site-occupancy is excluded. Eq. (4) can
be seen as the lattice version of the continuum
diffusion equation. It can also be seen, by summing
over all lattice sites, that Eq. (4) conserves the
coverage. We note that Eq. (4) assumes that the
jump rate is independent of the coverage, 0. This
condition would be violated for significant inter-
particle interactions, where many body effects
would be expected to influence the jump rate.
Hence, this model applies for final temperatures,
TF in a disordered phase.
It is then straightforward to show, using Eq. (4),
that the non-equilibrium correlation functions
(R,t) (Eq. (2)) obey a similar set of dynamical
equations
d = (r(Rt) - (R + jt)) (5)
except for the nearest-neighbor correlation func-
tions, when R= k, in which case we have
-t ( )E [ r( + it)] .
df
(6)
In what follows, the non-equilibrium nearest-
neighbor correlation function plays a vital role in
controlling the evolution of S(q,t), and we give
it its own symbol, G(t)=f'(,t). The essential
difference between Eq. (5) and Eq. (6) is that
G(t) is unchanged when a nearest-neighbor
particle-hole pair exchanges positions. We note
that in this model the autocorrelation function,
F(O,t)=0(1-0), is conserved.
Given these dynamical equations, it is then
straightforward to find the equation of motion
obeyed by S(q,t),
a1 S(q,t)=-2c;l(q) S(qt)-Z(qTF)+G(t)) (7)
The unknown quantity G(t) appearing in Eq. (7)
must be obtained as the solution to a Volterra
integral equation
t
dP(t-r)G(r)=Q(t), (8)
0
where the kernel is given by
P(t)=2ce f dq2(q) exp (-2x2;(q)t), (9)
BZ
and
Q(t) = dq[(qT)-(qTr)] exp (-2a;2(q)t). (10)
BZ
The appearance of the integral equation (Eq. (8))
stems from imposing the all-important requirement
that the sum rule for S(q,t), mentioned above, is
satisfied for all times. We note that Q(O)=O as a
result of the sum rule.
In the absence of specific knowledge of the form
of (q,TI), it would appear that the evaluation of
Eq. (10) cannot proceed. Fortunately, for our
purposes this apparent roadblock can be overcome.
Recently, we have examined S(q,t) for the one-
dimensional Kawasaki spin-conserving kinetic
Ising model subjected to a sudden temperature
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increase [8]. For that model, utilizing an approxi-
mation scheme for higher-order non-equilibrium
correlation functions, one obtains an equation of
motion for S(q,t) formally similar to Eq. (7), where
G(t) is subject to the integral equation (Eq. (8)),
along with the one-dimensional versions of Eq. (9)
and Eq. (10). We can thus directly exploit the
general method for solving these equations that
we gave in Ref. [8]. In Ref. [8] it was possible to
derive an explicit expression for S(q,t), because for
the one-dimensional Ising model one can obtain
an explicit analytic expression for the equilibrium
structure factor (q,T). However, as was also dis-
cussed in Ref. [8], even without explicit expres-
sions for (q,TI) and (qTF), it is still possible to
predict the major qualitative features of S(q,t).
Indeed, the results for S(q,t) described earlier in
this Letter have been obtained qualitatively from
an analysis of Eqs. (7)-(10) using the method we
presented in Ref. [8].
fn summary, using a dynamical model of jump
diffusion we have made several predictions con-
cerning the non-equilibrium structure factor for
the disordering of adsorbed monolayers at fixed
coverage. We would welcome comparisons with
experimental data for such systems. In particular,
the shift to smaller q of the plateau "edge" with
increasing t (see Fig. 1) may be a feature that is
accessible to experimental test.
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